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Over the last 50 years significant advancements have been made in the southern yellow
pine (SYP) forests in the U.S. south. Due to silvicultural changes and large scale reforestation
efforts the US south has seen significant increases in standing volume (more than 120% over the
period). Landowners that grow SYP plantations largely manage for trees that are harvested to
produce dimensional lumber. With the changes in growth patterns it is of interest if there have
been any changes in structural properties of the lumber that is produced from timber grown
today. Landowners desire confirmation that what they are doing in terms of management is
maintaining the quality and strength of lumber that the market demands. This information is
critical because timberland owners’ plant and manage trees that will ultimately be brought to
market at lumber 25-40 years into the future. In an effort to provide clarity to this topic this
dissertation investigates: 1) The extent to which the specific gravity (SG), bending strength
(modulus of rupture, MOR), and bending stiffness (modulus of elasticity, MOE) of small clear
specimens of SYP have changed, particularly with respect to reduction(s), during the interval
from approximately 1965 to 2015. 2) The extent to which the compression parallel to grain and
perpendicular to grain strength of small clear specimens of SYP have changed, particularly with
respect to reduction(s), during the interval from approximately 1965 to 2015. Use statistical

analysis of variance to investigate potential differences among data from a historical 1966 data
set, a 2014 in-grade data set, and a 2018 staircase material data set. 3) The nature of the
relationship between and among SG, MOE, and MOR of small clear specimens of SYP and how
these relationships may have changed, during the interval from approximately 1965 to 2015. Use
statistical regression analysis to explore changes to the interrelationships of SG, MOE, and MOR
among the three samples, with particular interest toward how these may impact or influence nondestructive evaluation.
This work consists of 3 independent chapters using varying appropriate statistical methods and is
accompanied by an introduction and conclusion.
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CHAPTER I
EXECUTIVE SUMMARY
Over the last 50 years significant advancements have been made in the southern yellow
pine (SYP) forests in the U.S. south. Due to silvicultural changes and large scale reforestation
efforts the US south has seen significant increases in standing volume (more than 120% over the
period). Landowners that grow SYP plantations largely manage for trees that are harvested to
produce dimensional lumber. With the changes in growth patterns it is of interest if there have
been any changes in structural properties of the lumber that is produced from timber grown
today. Landowners desire confirmation that what they are doing in terms of management is
maintaining the quality and strength of lumber that the market demands. This information is
critical because timberland owners’ plant and manage trees that will ultimately be brought to
market at lumber 25-40 years into the future. In an effort to provide clarity to this topic this
dissertation investigates: 1) The extent to which the specific gravity (SG), bending strength
(modulus of rupture, MOR), and bending stiffness (modulus of elasticity, MOE) of small clear
specimens of SYP have changed, particularly with respect to reduction(s), during the interval
from approximately 1965 to 2015. 2) The extent to which the compression parallel to grain and
perpendicular to grain strength of small clear specimens of SYP have changed, particularly with
respect to reduction(s), during the interval from approximately 1965 to 2015. Use statistical
analysis of variance to investigate potential differences among the three samples. 3) The nature
of the relationship between and among SG, MOE, and MOR of small clear specimens of SYP
1

and how these relationships may have changed, during the interval from approximately 1965 to
2015. Use statistical regression analysis to explore changes to the interrelationships of SG, MOE,
and MOR among the three samples, with particular interest toward how these may impact or
influence non-destructive evaluation.
This work consists of 3 independent chapters using varying appropriate statistical methods and is
accompanied by an introduction and conclusion.

1.1

SUMMARY OF CHAPTER 2
With a desire to provide assurance to land managers and silviculturists this research

examines the bending properties of small clear pine specimens from three samples. Sample 1
was pulled from a production weighted sample of in-grade parent lumber, from throughout the
SYP region. Sample 2 was pulled from commercially available moulding and millwork
throughout the eastern half of the U.S. Sample 3 was pulled from USDA FPL data from the
early-to mid-1960s. With respect to SG the wood in Sample 1 was significantly different (lower,
less dense) than that from Samples 2 and 3. The SG of the wood in samples 2 and 3 was not
statistically different. With respect to MOR Sample 2 was significantly different (higher,
stronger) than Samples 1 and 3. The MOR of the wood in Samples 1 and 3 was not statistically
different. Adjusting to 12% moisture content had no influence on the mean separation of MOR.
With respect to MOE Sample 3 was significantly different (higher, stiffer) than Samples 1 and 2.
The MOE of the wood in Samples 1 and 2 was not statistically different. Adjusting to 12%
moisture content had no influence on the mean separation of MOE.

2

1.2

SUMMARY OF CHAPTER 3
SYP has a high strength to weight ratio, making it an incredible construction material. Due to

its material quality it can be used in many applications, from residential lumber to industrial
products (Gaby 1985). Shmulsky and Jones 2019 indicates that compression strength both
perpendicular and parallel is often the limiting factor for use in truss web and chord members, a
significant use of SYP in construction application. In an effort to investigate factors affecting
commercial application this work herein statistically compares the specific gravity (SG) and
ultimate compression strength (UCS), both parallel and perpendicular to grain, of SYP across an
approximate 50-plus year span, i.e., that studied in the mid-1960s and that studied in the 2014–
2019 time frames as a means of assessing resource changes, particularly property reductions,
over time. The findings indicate that some changes in basic wood properties may have occurred
over the 50-year period. SG was not statically different from the 2010 stairway sample but did
slightly differ from the modern structural pine sample. UCS parallel revealed statistical
differences between all samples while UCS perpendicular did not.

1.3

SUMMARY OF CHAPTER 4
The interrelationships among specific gravity (SG), modulus of elasticity (MOE), and

strength (modulus of rupture, MOR) are largely foundational bases for non-destructive
evaluation and testing. It is important to know the extent to which a given resource may change
over time. This study investigates the interrelationship of SG, MOE and MOR of small clear
specimens from three samples taken across an approximate 50-year period; 1965 to 2018.
Correlations of SG and MOE, for all samples, were relatively low and ranged from
approximately 0.15 to 0.20. While SG and MOE are usually good predictors of MOR, variations
3

can occur (Shmulsky & Jones 2019). The data collected and the corresponding relationships
observed are in close agreement with those calculated for a broad range of softwood species
reported in the Wood Handbook.

1.4

CONCLUSION
Collectively the findings of the papers within this dissertation do not find that broad or

consistent changes have occurred in the longstanding data types (SG, MOE, MOR, UCS∥, and
UCS⊥) of non-destructive testing analysis. Future research should always be considered to
validate long standing trends and to confirm the practices of land managers over time; however,
researchers should use extreme caution when giving thought to their test and analysis. The
impacts of findings of research of this type can be highly influential having multi decade impacts
on the management of land resources across the range of the species evaluated. Things of note
from this research and to consider in future tests.
•

The acknowledgement of findings in Shmulsky and Jones 2019 that found “in some.
Species, including pine, it has been shown that the presence of extractives contributes
significantly to observed SG variations”

•

Further research could be done in changes of technology and what parts of a log
structural lumber components are milled from, i.e. juvenile wood vs. outerwood, and
how that change has occurred over a 50-year time.

Findings of this dissertation indicate that modern silviculture advancements are not having a
negative impact on wood quality in the U.S. south and that FIA data estimates point to a
continued surplus of sustainably grown fiber ready to be used as building construction materials.
4
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CHAPTER II
YELLOW PINE SMALL CLEAR FLEXURAL PROPERTIES ACROSS FIVE DECADES

2.1

ABSTRACT
When discussing structural southern yellow pine lumber questions frequently are asked

regarding changes over time. In particular, this is a significant area of discussion given that
structural lumber properties, i.e. design values, were changed circa 2012. Climate change, forest
management, genetics, processing and others are listed among the many possible contributing
factors. Of particular interest are the questions: 1) are changes in bending properties permanent
at some fundamental level or are somewhat dynamic and responsive to controllable factors? 2)
To what degree have the basic southern pine wood mechanical properties changed over time?
Related thereto, this research examines the bending properties of small clear pine specimens
from three samples. Sample 1 was pulled from a production weighted sample of in-grade parent
lumber. Sample 2 was pulled from commercially available moulding and millwork. Sample 3
was pulled from USDA FPL data from the early-to mid-1960s. The flexural properties of small
clear specimens among the three samples showed some statistically significant differences.
However, there was no clear trend regarding these differences. These results appear to support
the notion that while the variability of pine’s flexural properties is significant and that while
many changes in forest management and production have occurred over the past five decades,
the basic density and bending strength of clear southern pine appear generally stable over time.
6

Keywords: clear specimens, modulus of elasticity, modulus of rupture, specific gravity

2.2

INTRODUCTION
Southern yellow pine (SYP) lumber is perhaps the most commercially important

domestic structural softwood species group in terms of volume and economy (Howard 2007; US
Census Bureau 2010). Lumber quality (and utility value) often directly correlate with prices or
economic value (Gartner 2005). Landowners across the historic range of SYP have enjoyed its
longstanding place as the most commercially important species, and with that, have gone to great
lengths to study management techniques that allow them to both preserve and derive the most
value from their investment. Historically lumber production has been chief among those value
drivers (Madsen and Nielsen 1992; Wear and Greis 2002; Allen et al. 2005; Kretschmann 2010).
Timberland owners that grow SYP as an investment speculate that the fiber, they are
producing today will meet the utility value (primarily as strength and stiffness) needs of the
future. Gaby (1985) noted that the majority of the lumber in the market, at the time of the study,
was visually graded; however, strength and stiffness may not always be accurately reflected by
the visual grade (Kretschmann and Hernandez 2006). Kretschmann and Hernandez also note,
“The grading of timber should be viewed as part of a marketing strategy, designed to ensure that
timber buyers obtain the quality of timber appropriate for their needs and timber sellers receive
an optimal price for their product.” Taking the aforementioned into account as it relates to value
of SYP timber grown across the species range, it is imperative for landowners to receive
feedback regarding SYP material properties.
Forest Inventory Analysis (FIA) data indicates in its 2017 report of all volume in the U.S.
south that standing volume of softwood had increased 133.7% on all lands since 1953 and
7

122.4% on private lands over the same time period to 141,307 MMCF and 117,662 MMCF
respectively (Oswalt et al. 2019). This level of volumetric increase, predominantly occurring on
private lands, emphasizes the need to examine SYP utility value periodically in an effort to
protect and enhance landowner confidence and value along with forest health.
When discussing structural SYP lumber questions frequently are asked regarding changes
over time. In particular, this is a significant area of discussion given that structural lumber
properties, i.e. design values, were changed circa 2012. Climate change, forest management,
genetics, processing and others are listed among the many possible contributing factors. Given
that structural lumber design values were reduced at that time, one may wonder whether, or to
what degree has SYP’s basic mechanical properties changed during the past several decades.
With respect to structural lumber, the commercially important southern pine group
includes loblolly, longleaf, shortleaf, and slash pines (Pinus taeda, P. palustris, P. echinata, and
P. elliottii, respectively). Loblolly pine is the single most important species in the southern pine
group. It is planted extensively in plantations. Once sawn into lumber, the wood from each of
these 4 pine species is indistinguishable. As such, they are sold under the “southern pine” or
“southern pine group” classification. The basic clear wood bending properties of these 4 species
are enumerated in the Wood Handbook (Wood Handbook 2010). Their standing timber volume
in the U.S., an indicator of commercial importance, is taken from ASTM D 2555 (ASTM 2017).
This information is summarized in Table 2.1.
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Table 2.1

a

SYP Clear wood SG, MOR, and MOE (at 12% moisture content) along with
standing timber volume (an indicator of commercial importance)

SYP
Species

Specific Gravity,
average
(COVa = 10%)*

MOR
(psi)
average*

MOE
(psi x 106)
average*

Standing timber
volume
(ft3 x 106)**

Loblolly
Longleaf
Shortleaf
Slash

0.51
0.59
0.51
0.59

12,800
14,500
13,100
16,300

1.79
1.98
1.75
1.98

57990
4795
15284
10891

Standing
timber
volume
(%)**
65.2
5.4
17.2
12.2

Coefficient of variation

*

data taken from Wood Handbook (2010)

**

data taken from ASTM D 2555–16 (2017)

In the case of lumber’s structural performance, somewhat unlike the stock market, past
trends are generally indicative of future performance. In that case, the more mechanical
properties have changed over time, perhaps the more one can expect future changes. Conversely,
the less basic properties change over time, the more stable the properties should be into the
future.
Related thereto, this research examines the bending properties of small clear pine
specimens from three samples. Sample 1 was pulled from a production weighted sample of ingrade parent lumber, from throughout the SYP. Sample 2 was pulled from commercially
available moulding and millwork throughout the eastern half of the U.S. Sample 3 was pulled
from USDA FPL data from the early-to mid-1960s.
The objectives of this research were to investigate the extent to which the specific gravity
(SG), bending strength (modulus of rupture, MOR), and bending stiffness (modulus of elasticity,
MOE) of small clear specimens of SYP have changed, particularly with respect to reduction(s),
during the interval from approximately 1965 to 2015.
9

2.3

MATERIALS AND METHODS
Table 2.2 summarizes the information for samples used in this study. The first sample

(hereafter Sample 1) was production weighted. In that case, in-grade structural lumber specimens
were taken from throughout the SYP lumber production range. This range is divided up into
numerous (18) production regions. To that end, SYP sawmills were classified according to the
regional production map (Green et al. 1989) and then production statistics, by region were
reviewed. Then, in 2014 and 2015, full size in grade structural lumber specimens, primarily No.
2 grade, in the 2 ✕ 4 through 2 ✕ 10 size classes, were procured from retailers such that a
production weighted sample was developed. Details regarding this sampling method are
provided in (Franca et al. 2018).

Table 2.2

Summary of sample identification, time-frame, origin of material and sample size
for compression strength parallel to grain (UCS∥) and compression strength
perpendicular to grain (UCS⊥)

ID
Sample 1
Sample 2
Sample 3

Time-frame
2014 – 2015
2017 – 2019
Mid- 1960s

Origin of Material
SYP producing geographical area
SMA samples from 15 U.S. states
SYP study - Doyle and Markwardt (1966)

N
1676
275
281

After the in-grade lumber was characterized and evaluated, small clear bending
specimens were machined from the non-broken ends of the full size flexural specimens. In total,
1689 small clear specimens were tested in Sample 1. Findings from this sample are seemingly
attributable to the basic or inherent clear wood flexure properties of SYP global in-grade lumber
at that time of sampling.

10

The second sample (hereafter Sample 2) was taken from moulding and millwork
producers. In particular, the membership of the Stairbuilders and Manufacturer’s Association
(SMA) were interested in documenting the strength and stiffness properties of several wood
species. Their stair tread and riser sizes and grades are similar to, though wider than, small clear
specimens as described in ASTM D 143–14 (ASTM 2014). Among these species of interest was
the SYP group. SYP constitutes a major portion of stair tread and riser production. These
manufacturers, from throughout the eastern half of the country were contacted and asked to
donate materials from their production for this effort.
In total, lumber donations were requested from the entire SMA membership,
approximately 150 member companies. In response, approximately 21 manufacturers, from 15
states (Figure 2.1) donated material during the 2017-2019 time window. It was assumed that by
sampling from a large variety of remanufacturers, the variability associated with this high quality
appearance grade SYP lumber would be captured. None of this material was grade stamped. In
total, 275 small clear specimens were tested in Sample 2. While this sample was not production
weighted, it was considered a reasonable approximation of high quality SYP lumber from around
the production region. Findings from this sample are seemingly attributable to the basic or
inherent wood properties of high quality appearance grade lumber at that time of sampling.

11

Figure 2.1

Origin source of the raw material acquired from SMA, highlighted in gray

The third sample (hereafter Sample 3) was taken from existing data associated with
Doyle and Markwardt (1966). Similar to Sample 1, Sample 3’s data was taken from a broad
sample of in-grade pine lumber. Details regarding this sampling method, and corresponding
evaluation, are provided in Doyle and Markwardt (1966). From that lumber, subsequent to ingrade testing, small clear specimens were tested in bending. In total, 281 small clear specimens
were tested in Sample 3. Findings from this sample are seemingly attributable to the basic or
inherent clear wood flexure properties of SYP global in-grade lumber at that time of sampling. It
is noted that at the time of that sampling, i.e., circa mid 1960s, southern pine forest management
practices were not as widespread or as intensive as they were during the procurement of Samples
1 & 2.

12

In essence, from each of the samples (1-3) small clear flexural specimens were machined
to 1 x 1 x 16 inch size. Specimens were then conditioned at approximately 70 degrees Fahrenheit
and 65% humidity to an approximate moisture content of 12%.
Each specimen was then tested in center point bending per ASTM D143–14 (ASTM
2014). In each case, actual moisture content was recorded at the time of testing. Because
specimens were environmentally conditioned in this manner, the as-tested values for MOR and
MOE were analyzed and reported. Because however, there was some variation in moisture
among conditioned specimens, individual observations for MOR and MOE were moistureadjusted to 12% MC and subsequently analyzed. Both non-moisture adjusted, and moistureadjusted to 12% MC findings are presented herein. With respect to MOE, only the non-shear
adjusted stiffness values were analyzed and reported.

2.4

MOISTURE ADJUSTMENT
MOR and MOE test data was adjusted to 12% MC following the standard ASTM D

1990–19 (ASTM 2019). For MOR, the adjustment was calculated using Equation 2.1.

𝑆2 = 𝑆1 + {

(𝑆1 − 2415)
} · (𝑀1 − 𝑀2 )
(40 − 𝑀1 )

(2.1)

where S1 is the MOR at tested MC, S2 is the MOR at 12% MC, M1 is the moisture content at
tested condition, M2 is the moisture content at condition 2 (12%).
13

𝑆2 = 𝑆1 ·

(1.857 − (0.0237 · 𝑀2 ))
(1.857 − (0.0237 · 𝑀1 ))

(2.1)

where S1 is the MOE at tested MC, S2 is the MOE at 12% MC, M1 is the moisture content at
tested condition, M2 is the moisture content at condition 2 (12%).

2.5

STATISTICAL ANALYSIS
Analysis of variance was performed on the specific gravity, MOR, and MOE data from

each of the three samples. In each case, the significance value of α=0.05 was used. In each case,
because sample sizes were unequal a general linear model was used. With this model, the
statistical program uses the smallest sample size (which is generally the “n” associated with
Sample 2) to control the overall power or robustness of the testing. As such, the analysis is
defensible.
An alternative would perhaps be to randomly choose approximately 300 specimens from
Sample 1 in order to reduce its “n” to more closely match that of Samples 2 and 3. However, that
operation has drawbacks and thus Sample 1 was included in its entirety. Next, mean separations
were performed using least significant difference testing. This method is generally aggressive at
finding statistical differences. That is, where actual differences may be relatively small, this
statistical method may find statistical differences where other methods do not.
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2.6

RESULTS AND DISCUSSION
Table 2.3 illustrates the descriptive statistics and means comparison of SG among the

three samples. The p-value for significance among SG values for the three samples was <0.001.
Tables 2.4 and 2.5 illustrate the descriptive statistics and means comparison of MOR among the
three samples. Table 2.4 presents non-moisture adjusted values while Table 2.5 presents
moisture adjusted values.

Table 2.3
ID
Sample 1
Sample 2
Sample 3
*

N
2015
275
281

Mean
0.48
0.52
0.51

COV* (%)
12.8
12.8
13.9

Min
0.32
0.33
0.38

Max
0.69
0.72
0.88

Mean separation**
A
B
B

Coefficient of Variation

**

samples with the same letter are not statistically different at the =0.05 level. For SG the LSD value = 0.011

Table 2.4

*

Descriptive statistics, and mean separation of SG for Samples 1, 2, and 3

Descriptive statistics and means separation of MOR for Samples 1, 2, and 3

ID

N

Sample 1
Sample 2
Sample 3

1689
276
281

MC
(%)
14.2
12.1
12.7

Mean
(psi)
12,651
12,987
12,935

COV*
(%)
17.8
18.9
15.8

Min
(psi)
5,116
6,783
7,293

Max
(psi)
20,301
19,189
19,211

Mean separation**
A
B
B

Coefficient of Variation

**

samples with the same letter are not statistically different at the =0.05 level. For MOR the LSD value = 391 psi
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Table 2.5

*

Descriptive statistics and means separation of moisture-adjusted MOR for Samples
1, 2, and 3. Therein, MOR of each specimen is adjusted to 12% MC

ID

N

Sample 1
Sample 2
Sample 3

1,689
276
281

Mean
(psi)
13,544
13,053
13,218

COV
(%)
18.2
19.2
16.0

Min
(psi)
5,144
6,507
7,328

Max
(psi)
30,343
20,091
19,710

Mean separation*
A
B
B

samples with the same letter are not statistically different at the α=0.05 level. For MOR the LSD value = 422 psi

The p-value for significance among MOR values for the three samples was <0.001,
regardless of moisture adjustment. Tables 2.6 and 2.7 illustrate the descriptive statistics and
means comparison of MOE among the three samples. Table 2.6 presents non-moisture adjusted
MOE values while Table 2.7 presents moisture adjusted MOE values. The p-value for
significance among MOE values for the three samples was <0.001, regardless of moisture
adjustment.
Table 2.6

*

Descriptive statistics and means separation of MOE for Samples 1, 2, and 3

ID

N

MC (%)

Sample 1
Sample 2
Sample 3

1689
276
281

14.2
12.1
12.7

Mean
(psi x 106)
1.41
1.42
1.68

COV
(%)
22.8
26.2
20.6

Min
(psi x 106)
0.34
0.41
0.75

Max
(psi x 106)
2.45
2.56
2.70

Mean
separation*
A
A
B

samples with the same letter are not statistically different at the α=0.05 level. For MOE the LSD value = 0.058 x

106 psi

Table 2.7

Descriptive statistics and means separation of moisture-adjusted MOE for Samples
1, 2, and 3. Therein, MOE of each specimen is adjusted to 12% MC

ID

N

Sample 1
Sample 2
Sample 3

1,689
276
281

Mean
(psi x 106)
1.46
1.42
1.69

COV (%)
22.7
26.2
20.6

*

Min
(psi x 106)
0.35
0.40
0.75

Max
(psi x 106)
2.55
2.53
2.75

Mean
separation*
A
A
B

samples with the same letter are not statistically different at the α=0.05 level. For MOE the LSD value = 0.062 x
106 psi
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With respect to SG the wood in Sample 1 was significantly different (lower, less dense)
than that from Samples 2 and 3. The SG of the wood in samples 2 and 3 was not statistically
different (Figure 2.2).

Figure 2.2

Average specific gravity comparison among the 3 samples

With respect to MOR Sample 2 was significantly different (higher, stronger) than
Samples 1 and 3. The MOR of the wood in Samples 1 and 3 was not statistically different.
Adjusting to 12% moisture content had no influence on the mean separation of MOR (Figure
2.3).
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Figure 2.3

Modulus of rupture comparison among the 3 samples

With respect to MOE Sample 3 was significantly different (higher, stiffer) than Samples
1 and 2. The MOE of the wood in Samples 1 and 2 was not statistically different. Adjusting to
12% moisture content had no influence on the mean separation of MOE (Figure 2.4).
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Figure 2.4

2.7

Modulus of elasticity comparison between the 3 samples

CONCLUSIONS
Clear wood flexural properties of SYP, from samples taken across approximately 50

years was compared. Statistical differences were detected in SG, MOR, and MOE among the
three samples. However, there was no clear trend across these properties. For SG, one of the
contemporary samples (Sample 1) was statistically lower than that of the other contemporary
sample (Sample 2) and that of the classic sample (Sample 3) from 50 years ago. Also for SG
Samples 2 and 3 were not statistically different. For MOR, one of the contemporary samples
(Sample 2) was statistically higher than that of the other contemporary sample (Sample 1) and
that of the classic sample (Sample 3) from 50 years ago. Also for MOR Samples 1 and 3 were
19

not statistically different. For MOE, the classic sample (Sample 3) from 50 years ago was
statistically higher than that of the two contemporary samples (Samples 1 and 2). Also for MOE,
Samples 1 and 2 were not statistically different. Because the MOR and MOE specimens were
environmentally conditioned to approximately 12% MC prior to testing, there was no difference
in mean separation findings from the analysis of variance between specimens as-tested versus
specimen values adjusted to 12% MC.

2.8
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CHAPTER III
YELLOW PINE SMALL CLEAR COMPRESSION PROPERTIES ACROSS FIVE DECADES

3.1

ABSTRACT
Southern yellow pine (SYP) is one of the most used softwood species in the United States,

and this resource has been used for many years. However, due to the high demand for this product,
most of the raw material come from fast grown plantation. It is of interest to determine if SYP
clear wood properties may have changed over the long term, in particular whether such properties
may have declined. Herein, specific gravity (SG), compression strength parallel to grain (UCS∥)
and (UCS⊥), and compression strength perpendicular to grain data among three samples were
compared (Sample 1 from 2014 – 2015; Sample 2 from moulding and millwork producers during
the 2017 – 2019; and Sample 3 data from a study conducted mid-1960s). With respect to SG the
wood in Sample 1 was significantly lower than that from Samples 2 and 3. With respect to UCS
parallel to grain, all three samples were statistically different. Adjusting to 12% moisture content
had no influence on the mean separation of UCS∥. With respect to UCS⊥, no statistically
significant differences were detected among the test data from any of the three samples. However,
for the UCS data generated from the SG and MC related model, sample 2 was higher than sample
3 and sample 3 was higher than sample 1, and these differences were statistically different. Overall,
these findings do not suggest that broad or consistent changes or declines of these wood strength
properties have occurred during the past 5 decades. This finding appears encouraging.
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Key-words: small clear specimens; compression parallel; compression perpendicular; specific
gravity

3.2

INTRODUCTION
Southern yellow pine (SYP) is a natural renewable resource with a high strength to

weight ratio and it is used abundantly as a construction material across the southern U.S. Due to
the material quality it can be used in many applications, from residential lumber to industrial
products (Gaby 1985).
In order to apply wood as a structural application, a standardized classification is needed.
This classification can be either conducted by visually and/or mechanically grading. (Iniguez et
al. 2007). Most of the research conducted on SYP lumber is focused on bending properties
(Dahlen et al. 2014; Yang et a. 2015a, 2017b; França et al. 2018a, 2019b, 2020c). Bending
properties of wood are often the desired properties to focus on; however, there are select minor
properties, such as compression parallel and perpendicular to grain, that should be investigated
(Knowles et al. 2006).
Compression strength both parallel and perpendicular (UCS∥ and UCS⊥, respectively) to
grain are important design properties. With respect to short columns and truss web and chord
members, compression parallel to grain stress or strength is often the limiting factor (Shmulsky
and Jones 2019). Additionally, in the case of braced mass timber panels, compression parallel to
grain strength at the member level has a strong influence on overall performance at the assembled
panel and constructed building level. Compression perpendicular to grain strength is similarly
important in novel mass timber construction. Cross laminated timber panel floors are subjected to
direct compression perpendicular to grain in multistory construction and with increasingly tall
24

wood buildings, into the 7-15 story range, the live and dead load compressive stresses become
very high (CLT Handbook 2013).
Species-, grade-, and size-specific design values can change over time based on resource
changes. Ongoing resource monitoring seeks to keep the pulse of these properties over time. At a
fundamental level, basic wood properties influence in grade performance. Small clear mechanical
properties, particularly as outlined in ASTM D 143–14 (ASTM 2017), are a commonly accepted
means of assessing basic wood properties.
The objective of this work herein was to statistically compare the specific gravity (SG) and
ultimate compression strength (UCS), both parallel and perpendicular to grain, of SYP across an
approximate 50-plus year span, i.e., that studied in the mid-1960s and that studied in the 2014–
2019 time frames as a means of assessing resource changes, particularly property reductions, over
time.

3.3

MATERIALS AND METHODS
During 2014–2015, as part of a USDA Agricultural Research Service sponsored study, a

production weighted sample of in-grade pine lumber was procured from throughout the SYP
producing geographical area. Details of the production weighted sampling methodology are
provided in França et al. (2018a). While No. 2 grade SYP lumber was procured therein, it was
subsequently regraded by certified grading personnel and then mechanically tested. Subsequent
to full scale or in-grade testing, small clear specimens were machined from the remnants of the
full-scale specimens. From those, the small clear compression parallel and perpendicular to grain
strengths were determined. UCS data from that study is examined and considered herein as
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Sample 1. Sample 1 contained 1676 parallel to grain test specimens and 1670 perpendicular to
grain test specimens.
During 2017–2019, as part of a USDA Forest Service, Forest Products Laboratory
sponsored study, high grade moulding and millwork type materials were evaluated. Therein, high
grade white oak, red oak, hard maple, yellow poplar, and SYP boards were procured from the
membership of the Stairbuilders and Manufacturer’s Association (SMA). Approximately 21
manufacturers, from 15 states (shown in Figure 3.1) donated solid wood material during the
2017–2019-time window. Lumber specimens were received as approximately 1-inch thick, 4 to 8
inches wide, and 36–48 inches long. This lumber was in general clear, free of major defects, and
was not grade stamped. All lumber, including the SYP, was of a relatively high grade that would
be consistent with clear wood stair treads or risers. Each of the participating SMA members
procures material from multiple sources. As such, the SYP that was tested was considered to
reasonably approximate high-quality SYP from around the production region. UCS data from
that study was examined and considered herein as Sample 2. Sample 2 contained 276 parallel to
grain specimens and 276 perpendicular to grain test specimens.
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Figure 3.1

Origin source of the raw material acquired from SMA, highlighted in gray

During the mid-1960’s, the USDA Forest Service, Forest Products Laboratory conducted
a study on SYP (Doyle and Markwardt 1966) wood properties. That study focused firstly on ingrade lumber properties from 1,349 test specimens. Subsequent to full scale or in-grade edgewise
bending testing, undamaged small clear specimens were machined from the remnants of a
portion of the full-scale specimens. From those, the small clear compression parallel and
perpendicular to grain strengths were reported. UCS data from that study is examined and
considered herein as Sample 3. Sample 3 contained 245 parallel to grain specimens and 291
perpendicular to grain test specimens. Table 3.1 summarizes information of samples used in this
study.
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Table 3.1

Summary of sample identification, time-frame, origin of material and sample size
for compression strength parallel to grain (UCS∥) and compression strength
perpendicular to grain (UCS⊥)

ID

Time-frame

Origin of Material

Sample 1
Sample 2
Sample 3

2014 – 2015
2017 – 2019
Mid- 1960s

SYP producing geographical area
SMA samples from 15 U.S. states
SYP study - Doyle and Markwardt (1966)

N
UCS∥
1676
276
245

N
UCS⊥
1670
276
291

Among each sample, the specimen dimensions varied slightly. For Samples 1 and 2,
specimen size was guided by ASTM D 143–14 “secondary method” (Figure 3.2). For Sample 3,
it appears that specimen sizes were also guided by ASTM D 143–14 guidance and UCS
perpendicular to grain specimens were limited to actual material thickness. Target specimen
dimensions are shown in Table 3.2. Actual specimen dimensions were recorded at the time of
testing and used for stress calculations.
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(a)

(b)
Figure 3.2

Test set up: (a) compression parallel to the grain; (b) compression perpendicular to
the grain
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Table 3.2

UCS target specimen dimensions

Orientation
Parallel to grain
Perpendicular to grain

Sample Group

Thickness (in.)

Width (in.)

Length (in.)

Sample 1
Sample 2
Sample 3
Sample 1
Sample 2
Sample 3

1
1
1
1
1
1.5

1
1
1
1
1
2

4
4
4
6
6
6

In each case, the specimens were conditioned at approximately 70 °F and 65% humidity
prior to testing. In this manner, the target equilibrium moisture content (MC) of all specimens
was 12%, prior to testing. This environmental conditioning minimized moisture variation among
specimens and samples at the time of testing. That said, some moisture variation existed among
specimens in all cases. To account for variation among moisture equilibrated specimens, MC
adjustments were made to the data and both non-moisture adjusted and moisture adjusted
comparisons were analyzed for compression strength.

3.3.1

MOISTURE ADJUSTMENTS
Compression parallel to grain test data was adjusted to 12% MC following ASTM D

1990-19 (2019), Annex A1 (Equation 3.1). Per ASTM guidance, adjustments greater than 5%
were avoided.

𝑆2 = 𝑆1 + {

(𝑆1 − 1400)
} · (𝑀1 − 𝑀2 )
(34 − 𝑀1 )
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(3.1)

where S1 is the UCS at tested MC, S2 is the UCS at 12% MC, M1 is the MC at tested condition,
M2 is the MC at condition 2 (12%).
The standard ASTM D 1990-19 does not have an equation to adjust compression parallel
to the grain. For this reason, UCS perpendicular test data in this study was not adjusted to any
particular MC value. However, predicted UCS perpendicular values were calculated by an
equation published by Kretschmann and Green (1996) (Equation 3.2). There, the authors studied
the effect of moisture in southern pine and the equation uses SG and MC to predict compression
parallel to the grain values. As presented herein, these values are informative in an academic
sense however they do not necessarily correspond or related to the actual UCS perpendicular
data as tested.
𝑈𝐶𝑆𝑝𝑒𝑟𝑝 = −2.532 + 0.0347 · 𝑀𝐶 + 0.000232 · 𝑀𝐶 2 + 12.341 · 𝑆𝐺
− 5.3852 · 𝑆𝐺 2 − 0.2285 · 𝑀𝐶 · 𝑆𝐺

(3.2)

where UCSperp is the ultimate compressive stress perpendicular to the grain, MC is the MC (%),
SG is the specific gravity.

3.3.2

STATISTICAL ANALYSIS
Analyses of variance were calculated at the α = 0.05 significance level. Least significant

difference testing was used for multiple comparisons as that is a relatively liberal means of
finding differences, and conversely, would be a conservative option for supporting the notion
that no statistical differences have occurred over time.
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Analysis of variance was performed on the specific gravity, UCS parallel to grain (both
moistures adjusted, and non-moisture adjusted), and UCS perpendicular to grain (both nonmoisture adjusted data and predicted UCS as calculated from SG and MC) from each of the three
samples.
In each case, because sample sizes were unequal a general linear model was used. With
this model, the statistical program uses the smallest sample size (which is generally the “n”
associated with Sample 2) to control the overall power or robustness of the testing. Least
significant difference testing was used for multiple comparisons as that is a relatively liberal
means of finding differences, and conversely, would be a conservative option for supporting the
notion that no statistical differences have occurred over time.

3.4

RESULTS AND DISCUSSION
Table 3.3 illustrates the descriptive statistics and means comparison of SG among the

three samples. The p-value for significance among SG values for the three samples was <0.0001.
the overall SG mean value for all samples tested was 0.50 with a range from 0.32 to 0.73. The
SG mean values found in this research are similar to the ones reported by other studies (Newlin
and Wilson 1917; Markwardt and Wilson 1935; Dahlen et al. 2014) found an average value of 9
RPI and an SG average around 0.54 for southern yellow pine lumber, in this study RPI averaged
4 and SG 0.48.
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Table 3.3

*

Descriptive statistics, and mean separation of SG for Samples 1, 2, and 3

ID

N

Mean

Sample 1
Sample 2
Sample 3

2015
275
291

0.47
0.52
0.50

COV
(%)*
12.8
12.8
12.9

Min

Max

Mean separation**

0.32
0.33
0.37

0.69
0.72
0.73

A
B
B

Coefficient of variation
Samples with the same letter are not statistically different at the =0.05 level

**

Tables 3.4 and 3.5 illustrate the descriptive statistics and means comparison of UCS
parallel to grain among the three samples, where Table 3.4 presents non-moisture adjusted values
while Table 3.5 presents moisture adjusted values. The p-value for significance among UCS
parallel to grain values for the three samples was <0.0001, regardless of moisture adjustment.
Because statistically significant differences were detected, mean separations were calculated and
are listed.
Table 3.4

*

Descriptive statistics and means separation for UCS parallel to the grain for
Samples 1, 2, and 3
ID

N

Sample 1
Sample 2
Sample 3

1,676
276
245

MC
(%)
14.2
12.1
13.0

Parallel (psi)
Mean COV* Min
Max
6,635 19.2 3,559 11,783
6,859 22.0 3,590 10,845
6,366 17.2 3,493 10,730

Coefficient of variation

**

Samples with the same letter are not statistically different at the =0.05 level

P-value <0.0001
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Mean
separation**
A
B
C

Table 3.5

Descriptive statistics and means separation for moisture-adjusted UCS parallel to
the grain for Samples 1, 2, and 3. Therein, UCS parallel to grain for each specimen
is adjusted to 12% MC
ID
Sample 1
Sample 2
Sample 3

*

Parallel (psi)
Mean
Mean COV* Min
Max separation**
1,676 7,220 19.1 3,761 12,056
A
276 6,889 22.1 3,495 10,949
B
245 6,601 17.1 3,702 10,247
C
N

Coefficient of variation

**

Samples with the same letter are not statistically different at the =0.05 level

P-value <0.0001

Tables 3.6 and 3.7 provide the descriptive statistics and means comparison of UCS
perpendicular to grain among the three samples. Table 3.6 presents non-moisture adjusted UCS
perpendicular to grain values while Table 3.7 presents predicted UCS perpendicular to grain
values, based on Equation 2. The p-value for significance among UCS perpendicular to grain
values for the three samples, non-moisture adjusted, was 0.0659. As statistically significant
differences were not detected among these samples, mean separation was not necessary.

Table 3.6

Descriptive statistics for UCS perpendicular to grain for Samples 1, 2, and 3
ID

MC (%)

N

Sample 1
Sample 2
Sample 3

14.2
12.1
12.6

1,670
276
291

Mean
1,807
1,808
1,734

Perpendicular (psi)
COV* Min
Max
27.8
790
4,042
30.4
837
3,604
24.6
945
3,231

No statistically significant differences, at the =0.05 level, were detected among these three samples
*

Coefficient of variation

P-value = 0.0659
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Table 3.7

Descriptive statistics and means separation for predicted UCS perpendicular to the
grain, at 12% target MC, for Samples 1, 2, and 3, as calculated by Equation 2.
Therein, UCS perpendicular to grain for each specimen is calculated based on SG
and MC
ID
Sample
1
Sample
2
Sample
3

*

Perpendicular (psi)
Mean
**
Mean COV
Min
Max separation*
***
1,685 1,097 23.3 281
1,981
A
N

275

1,419

18.2

606

1,927

B

291

1,303

19.2

749

1,973

C

Samples with the same letter are not statistically different at the =0.05 level

**

Coefficient of variation

***

The lower values such as this minimum derive from specimens with relatively low SG values

P-value < 0.0001

The p-value for significance among UCS perpendicular to grain as calculated by
Equation 2 was <0.0001. Because statistically significant differences were detected, mean
separations were calculated and are listed in Table 3.7.
Figure 3.3 presents the mean SG data for the three samples, in graphical form. Figure 3.4
and 3.5 present the mean UCS parallel to grain and mean UCS perpendicular to grain data for the
three samples, respectively, in graphical form.
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Figure 3.3

Average specific gravity comparison among the 3 samples
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Figure 3.4

Ultimate compressive strength, parallel to grain, comparison among the 3 samples.
“Tested” refers to the UCS perpendicular to grain data as tested and “12%” refers
to the predicted values based on Equation 2

Figure 3.5

Ultimate compressive strength perpendicular to the grain comparison between the
3 samples. “Tested” refers to the UCS perpendicular to grain data as tested and
“12%” refers to the predicted values based on equation 2.
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With respect to SG the wood in Sample 1 (0.47) was significantly different (lower, less
dense) than that from Samples 2 and 3 (0.52 and 0.50, respectively). The SG of the wood in
samples 2 and 3 was not statistically different.
For UCS parallel to grain, all three samples were statistically different. In both scenarios,
non-adjusted and adjusted 12% MC, Sample 1 (11,783 psi and 12,056 psi, respectively) was
higher than 2 (10,845 psi and 10,949 psi, respectively) and Sample 2 was higher than 3 (10,730
psi and 10,247 psi, respectively), and these differences were statistically significant. Adjusting to
12% MC had no influence on the mean separation of UCS parallel to grain.
With respect to UCS perpendicular to grain, no statistically significant differences were
detected among the test data from any of the three samples. However, for the UCS data
generated from the SG and MC related model, per Equation 2, sample 2 was higher than sample
3 (1,419 psi and 1,303 psi, respectively) and sample 3 was higher than sample 1 (1,097 psi), and
these differences were statistically different.

3.5

CONCLUSIONS
The findings presented herein appear to suggest that some changes in basic wood

properties may have occurred during the 50 years interval that was examined. However, if such
changes are real, they are not conclusive. In the case of SG, the lumber from the mid-1960s was
not different from that which goes into stairway parts during the late 2010s. However, each of
these samples had higher SG than that of structural pine lumber as sampled in the mid-2010s.
The significant difference between Samples 1 and 2, taken from the supply chain at similar
points in time indicates that sampling method is highly influential.
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In the case of UCS parallel to grain statistical differences were detected among each of
the samples. For that property, the small clear specimens from the mid-2010s structural lumber
sample were the strongest, followed by the late 2010s stair parts sample, with the sample from
the mid-1960s being the weakest (both moistures adjusted and non-adjusted). This finding
appears to refute the notion that UCS parallel to grain properties have declined during the last
five decades.
For the compression perpendicular specimens, there were no statistically significant
differences among any of the samples. This finding appears to refute the notion that UCS
perpendicular to grain properties have declined during the last five decades.
Overall, these findings do not suggest that broad or consistent changes or declines of
these wood strength properties have occurred during the past five decades. This finding is
encouraging. Also, these findings support the notion that sampling from the resource should be
done with great thought and care as it can be highly influential with respect to the findings.
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CHAPTER IV
INTERRELATIONSHIPS OF SPECIFIC GRAVITY, STIFFNESS, AND STRENGTH OF
YELLOW PINE ACROSS FIVE

4.1

ABSTRACT
The interrelationships among specific gravity (SG), modulus of elasticity (MOE), and

strength (modulus of rupture, MOR) are largely the foundational basis for non-destructive
evaluation and testing. Resource monitoring and commercial structural lumber production often
rely upon such non-destructive evaluation to predict the bending and/or tension strength of
individual members. These technologies require routine calibration. In addition, it is important to
know the extent to which a given resource may change over time. To that end, this study
investigated the relationship among SG, MOE, and MOR of small clear specimens from three
samples taken across an approximate 50-year period; 1965 to 2018. Coefficients of determination
among these variables are presented along with the prediction equations. These findings can be
used to gain insight into the reliability and stability of these relationships over time.

Key-words: dimensional lumber, modulus of elasticity, modulus of rupture, physical property
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4.2

INTRODUCTION
Over the six-plus decade period of time from 1953 to 2017 the United States Forest Service

Forest Inventory Analysis (FIA) has tracked standing volume of various tree species. Among the
major southern yellow pine (SYP) group (loblolly, longleaf, shortleaf, and slash (P. taeda,
palustris, echinata, and elliottii, respectively)) south region reports show an increase of 134% on
all lands representing 141,307 million cubic feet. The increase is particularly significant on private
lands as well at 122% representing 117,662 million cubic feet. These private lands represent the
major timberland ownership on which SYP is grown. In broad economic terms, SYP has been
planted in an effort to fill the expected future demand for paper, solid, and composite-based wood
products. With such a drastic increase in growing stock (i.e. supply) over the period, landowners
(particularly private) want and need SYP utility values, and thus economic value, to remain
generally consistent over time. Such stability in demand helps validate investment and assures that
forestland remains in production over time.
Timberlands provide significant ecosystem services to all of society. Many of these
services such as clean air and clean water are intangible and do not currently have a readily
quantifiable market value. As such, the primary source of revenue opportunity or return on
investment, which ultimately steers land-use decisions, comes through timber’s economic and
utility value. This value is largely associated with final harvest of timber stands which creates raw
material for the production of dimension lumber. Landowners need reliably strong lumber values
for society to continually reap the benefits of ecosystem services.
Kretschmann and Hernandez (2006) noted, “The grading of timber should be viewed as
part of a marketing strategy, designed to ensure that timber buyers obtain the quality of timber
appropriate for their needs and timber sellers receive an optimal price for their product.” This was
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a favorable note for SYP landowners following Gaby (1985) wherein it was noted that the strength
and stiffness of lumber may not be accurately reflected by visual grading. Investigating the extent
to which interrelationships within the SYP resource of specific gravity (SG), modulus of elasticity
(MOE), and bending strength (modulus of rupture or MOR) have changed, or not changed, over
time, is an important piece of information for landowner decision making which has decades-long
implications.
The interrelationships among SG, MOE, and MOR are largely the foundational basis for
non-destructive evaluation and testing. Resource monitoring and commercial structural lumber
production often rely upon such non-destructive evaluation to predict the bending and/or tension
strength of individual members. Various technologies such as acoustic velocity and dynamic
flexure testing, utilize these relationships to predict bending strength. Better or more reliable and
accurate the non-destructive methodologies have lesser amounts of variability and are thus more
valuable. All forms of non-destructive evaluation require routine calibration.
In addition to machine drift, technology enhancement as well as software and hardware
improvement, changes in the resource may alter the relationships between SG, MOE, and MOR
over time. Such alterations may manifest in different ways across different species or species
groups; SYP does not necessarily behave the same as Douglas fir, spruce-pine-fir, hem-fir, or
others. The same is true for any of the commercial species or species groups. As such, it is
important to know the extent to which a species groups changes over time. This study investigates
the relationship among SG, MOE, and MOR of small clear specimens from three samples taken
across an approximate 50 year period; 1965 to 2018.
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4.3

MATERIAL AND METHODS
The first sample (hereafter “1966 Sample”) was taken from existing data associated with

Doyle and Markwardt (1966). Similar to the 2014 Sample, the 1966 Sample data was taken from
a broad sample of in-grade pine lumber. Details regarding this sampling method, and
corresponding evaluation, are provided in Doyle and Markwardt (1966). From that lumber,
subsequent to in-grade testing, small clear specimens were tested in bending. In total, 281 small
clear specimens were tested in the 1966 Sample. Findings from this sample are seemingly
attributable to the basic or inherent clear wood flexure properties of SYP global in-grade lumber
at that time of sampling. It is noted that at the time of that sampling, i.e., circa mid 1960s, southern
pine forest management practices were perhaps not as widespread or as intensive as they were
during the procurement of the 2014 and 2018 Samples.
The second sample (hereafter “2014 Sample”) was production weighted. In that case, ingrade structural lumber specimens were taken from throughout the SYP lumber production range.
This range is divided up into numerous (18) production regions. To that end, SYP sawmills were
classified according to the regional production map (Shelley 1989) and then production statistics,
by region were reviewed. Then, in 2014 and 2015, full size in grade structural lumber specimens,
primarily No. 2 grade, in the 2x4 through 2x10 size classes, were procured from retailers such that
a production weighted sample was developed. Details regarding this sampling method are provided
in (França et al. 2018). After the in-grade lumber was characterized and evaluated, small clear
bending specimens were machined from the non-broken ends of the full size flexural specimens.
In total, 1689 small clear bending specimens were tested in the 2014 Sample. This number of
specimens was a subset of the total number of in-grade tests. As with the other samples, the number
of small clear flexural specimens is not necessarily the same as the number of SG specimens.
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Findings from this sample are seemingly attributable to the basic or inherent clear wood flexure
properties of SYP global in-grade lumber at that time of sampling.
The third sample (hereafter “2018 Sample”) was taken from moulding and millwork
producers. In particular, the membership of the Stairbuilders and Manufacturer’s Association
(SMA) were interested in documenting the strength and stiffness properties of several wood
species. Their stair tread and riser sizes and grades are similar to, though wider than, small clear
specimens as described in ASTM D143. Among these species of interest was the SYP group. SYP
constitutes a major portion of stair tread and riser production. These manufacturers, from
throughout the eastern half of the country were contacted and asked to donate materials from their
production for this effort. In total, lumber donations were requested from the entire SMA
membership, approximately 150 member companies.
In response, approximately 21 manufacturers, from 15 states (Figure 4.1) donated material
during the 2017-2019 time window. It was assumed that by sampling from a large variety of
remanufacturers, the variability associated with this high-quality appearance grade SYP lumber
would be captured. None of this material was grade stamped. In total, 275 small clear specimens
were tested in the 2018 Sample. While this sample was not production weighted, it was considered
a reasonable approximation of high-quality SYP lumber from around the production region.
Findings from this sample are seemingly attributable to the basic or inherent wood properties of
high-quality appearance grade lumber at that time of sampling.
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Figure 4.1

Origin source of the raw material acquired from SMA, highlighted in gray

While the three samples were procured in different ways and for different ends, each
provides a cross sectional snapshot of the type of raw material that was going into and through the
lumber production supply chain at the time. Because standard test methods have remained largely
unchanged during this period, comparisons among and across the data from these samples are
reasonable.
All specimens were environmentally conditioned at 70 oF and 65% relative humidity prior
to testing. In this manner, each specimen’s moisture content was at or near 12%. Specific gravity
was determined according to ASTM D 143 (ASTM 2014). Oven dried mass and volume at 12%
MC were measured to the nearest 0.01 g and 0.01 mm respectively. Specimens were not extracted
prior to SG determination. The MC (%) was calculated based on mass difference before and after
oven dried at 103 ± 2 °C following the same standard.
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Static bending tests were performed on specimens of the following dimensions: 1 × 1 × 16
inch3 (2.54 × 2.54 × 40.6 cm3). Load was applied at the center point with a test speed of 0.05 inches
(0.127 cm) per minute (Fig. 3a). In this manner, failure occurred in approximately 5-10 minutes.
The span was 14 inches (35.6 cm). MOE was calculated using Eq. 1. MOR was calculated using
Eq. 2,
𝛥 · 𝑃 · 𝐿3
𝑀𝑂𝐸 =
4 · Δ · 𝑓 · 𝑏 · ℎ3

(4.1)

where MOE is the bending modulus of elasticity (MPa); ΔP is the loading increase (N); L is the
span length (m); Δf is the deflection increase (m); b is the width (m); h is the depth of the specimen
(m). MOE values were not subsequently corrected or adjusted for shear deflection.

Equation 2 is as follows,

𝑀𝑂𝑅 =

3·𝑃·𝐿
2 · 𝑏 · ℎ2

(4.2)

where MOR is the bending modulus of rupture (MPa); P is the maximum force (N) at the midspan; L is the span length (m); b is the width (m); and h is the depth (m).
Single variable linear regression analyses (α = 0.05) were conducted for SG as the
independent variable against MOE and MOR as dependent variables and for MOE as the
independent variable against MOR as the dependent variable. The linear regressions were
conducted given the independent variables (either SG or MOE as represented by “x”) and the
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dependent variable (either MOE or MOR as represented by “y”). The coefficient of determination
(r2), which measures the strength of the relationships between variables, was the main focus. The
slopes of the lines, which would potentially indicate changes in these relationships over time, was
a secondary focus.
The mathematical regression models between the independent variables (SG and MOE)
and the static properties (MOE and MOR) were assumed to be linear and of the following form:
Dependent variable = slope · (independent variable) + intercept + error

(4.3)

Or
Y=m·X+b+ Ɛ
(4.4)

Also, MOR was estimated based on multiple linear regression as a function of SG and
MOE. In that case, ordinary least square regression procedures were used for fitting models to
predict MOR using MOE and SG. The equation to predict MOR is as follow:
MOR = β0+ β1·MOE+ β2·SG +Ɛ1

4.4

(4.5)

RESULTS AND DISCUSSION
Table 4.1 presents a summary of SG for the 1966, 2014, and 2018 samples. The following

comments should be noted: (1) the 2014 sample had a larger number of specimens, (2) The 2018
sample exhibited the highest mean for SG, followed by the 1966 sample, (3) the 1966 sample
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exhibited higher coefficient of variation, (4) the 2014 sample had the lowest SG value among all
of the samples, and (5) the 1966 sample had the specimen with highest (unextracted) SG. The
specimen with SG of 0.88 is likely an outlier that was perhaps pitch encrusted (fatwood),
compression wood, or had some other adherent characteristic(s).

Table 4.1

Specific gravity descriptive statistics for the 2014, 2018, and 1966 Samples.

Specific Gravity

N.

Mean

COV

Min

Max

1966 Sample

281

0.51

13.90

0.38

0.88

2014 Sample

2,015

0.47

12.85

0.32

0.69

2018 Sample

275

0.52

12.84

0.33

0.72

Table 4.2 summarizes the MOE and MOR statistics for the three Samples. The 1966
Sample 3 exhibited the highest average MOE. The 2018 Sample had the highest average MOR
and had the highest variation between specimens for MOE and MOR. The 2014 Sample exhibited
lowest mean for MOE and MOR and the lowest MOR 5th percentile. It should be noted that these
strength values were not moisture adjusted. No significant differences were found between tested
and moisture adjusted results.
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Table 4.2

MOE and MOR descriptive statistics for the three samples.
MOE (·106 psi)

Static

N.

bending
1966
Sample
2014
Sample
2018
Sample

Mean

COV Min

MOR (psi)
Max

Mean

COV

Min

Max

5th
Percentile

281

1.68

20.6

0.75

2.70

12,935

15.8

7,293

19,211

9,666

1689

1.41

23.0

0.34

3.43

12,658

17.9

5,116

23,359

9,037

273

1.42

27.7

0.44

2.26

13,597

20.6

6,269

21,026

9,374

Table 4.3 provides summaries obtained from regression analyses between MOE and MOR
for the three Samples. Figures 4.2 and 4.3 show plots of static bending MOR as predicted using
MOE values. These plots show that strong correlative relationships exist. In this case, the
coefficient of determination varied between 0.598 and 0.635. All three samples exhibited similar
coefficient of variation and standard error of estimate.
Table 4.3

Results of linear regression analyses relating static bending modulus of rupture
(MOR) to modulus of elasticity (MOE) for the three Samples.
Coefficient of

Standard error

determination (r2)

of estimate

5,263

0.598

0.0002

5,551

4,812

0.629

0.0001

5,298

5,535

0.635

0.0002

N.

Slope (m)

Intercept (b)

281

4,580

2014 Sample 1,689
2018 Sample

1966 Sample

273

The coefficients m and b are used in the generalized model MOR (psi) = m [MOE (psi)] + b.
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Figure 4.2

Linear regression plot for the 1966 and 2018 Sample: bending modulus of rupture
(MOR) versus modulus of elasticity (MOE).

Figure 4.3

Linear regression plot for the 2014 Sample: bending modulus of rupture (MOR)
versus modulus of elasticity (MOE).
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Table 4.4 provides summaries obtained from regression analyses between SG and MOR
for the three samples. Figures 4.4 and 4.5 show plots of SG versus MOR values. These plots show
that moderate correlative relationships exist. In this case, the coefficient of determination varied
between 0.405 and 0.499. The 1966 Sample exhibited higher correlation for SG vs MOR (r2 =
0.499) when compared to the other 2 samples.
Table 4.4

Results of linear regression analyses relating SG to static bending MOR for the
three Samples
Coefficient of

Standard error of

determination (r2)

estimate

2,562

0.499

1,213.8

23,803

1,329

0.411

691.9

24,278

395

0.405

1,768.9

N.

Slope (m)

Intercept (b)

1966 Sample

281

20,214

2014 Sample

1686

2018 Sample

273

The coefficients m and b are used in the generalized model MOR (psi) = m (SG) + b.
.
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Figure 4.4

Linear regression plot for the 1966 and 2018 Samples: SG vs MOR.

Figure 4.5

Linear regression plot for the 2014 Sample: SG vs MOR.

Table 4.5 provides summaries obtained from regression analyses between SG and MOE
for the three Samples. Figures 4.6 and 4.7 show plots of SG versus MOE values. These plots show
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that relatively low correlative relationships exist between these two variables. In this case, the
coefficient of determination varied between 0.147 and 0.191. The 2014 and 1966 Samples
exhibited similar coefficients of determination (r2 = 0.191) but the 2014 Sample had a lower
standard error of estimate due to larger number of specimens. No SG by MOE relationship changes
appeared obvious among the three samples.
Table 4.5

Results of linear regression analyses relating static bending modulus of elasticity
(MOE) to specific gravity (SG) for the three Samples.
Coefficient of

Standard error

determination (r2)

of estimate

0.591

0.191

0.26

2.319

0.309

0.191

0.12

2.154

0.291

0.147

0.32

N.

Slope (m)

Intercept (b)

1966 Sample

281

2.112

2014 Sample

1686

2018 Sample

273

The coefficients m and b are used in the generalized model MOE (Mpsi) = m (SG) + b.
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Figure 4.6

Linear regression plot for the 1966 and 2018 Samples: bending modulus of
elasticity (MOE) versus specific gravity (SG).

Figure 4.7

Linear regression plot for the 2014 Sample: bending modulus of elasticity (MOE)
versus specific gravity (SG).
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Table 4.6 shows the regression model equation coefficients of determination (r2), and error
of estimate (μ) for the three samples. The prediction of MOR improved when MOE and SG were
combined to predict the strength (MOR). The 1966 Sample exhibited higher r2 when compared to
the 2014 and 2018 samples.

Table 4.6

Linear regression models with coefficient of determination (r2) and error of
estimate (μ) for dependent variables modulus of elasticity (MOE) and specific
gravity (SG).
β0

β1

β2

r2

μ

1966 Sample

556

3,414

12,962

0.76

996

2014 Sample

3,279

5,432

3,583

0.64

1,356

2018 Sample

5,131

5,225

886

0.64

1,486

The coefficients β0, β1 and β2 are used in the generalized model: MOR (psi) = β0 + β1·MOE (·106
psi) + β2·SG + Ɛ1

For the 2014 and 2018 Samples there is no difference between using MOE as single
predictor and MOE combined with SG. The r2 between SG and MOR found in these studies were
about 0.4. For the 1966 Sample, it was 0.5. This finding appears to show that the variation in MOR
caused by SG is almost wholly explained by the variation in MOR caused by MOE. However, the
correlation between MOE and SG is very low for all three samples, indicating that those variables
are largely independent. For that reason, the use of the two independent variables (MOE and SG)
is acceptable regarding MOR prediction. When both predictors are used, almost no improvement
was seen over using just one for the 2014 and 2018 Samples. That finding contrasts with the 1966
Sample where using both predictors increases the r2 from 0.59 for MOE alone to 0.77 for MOE
and SG combined.
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Residual by regressors for MOR for the three Samples are show in Figure 4.8, 4.9 and 4.10
respectively. Analyzing the predictors residual range, it was possible to identify that the 1966
Sample exhibits a different residual range compared to the 2014 and 2018 Samples. While the
2014 and 2018 Samples ranged from -4000 to 4000 for the 2018 Sample and to 6000 for the 2014
Sample. The 1966 Sample exhibited a lower prediction residual what improved the r2 of the
combined regression model.

Figure 4.8

Residual by regressors for MOR for the 1966 Sample.
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Figure 4.9

Residual by regressors for MOR for the 2014 Sample.

Figure 4.10

Residual by regressors for MOR for the 2018 Sample.
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4.5

CONCLUSIONS
For all samples, SG versus MOE correlations were relatively low and generally ranged

from approximately 0.15 to 0.20. This relationship is known to be relatively weak however each
of these (SG and MOE) is known to be a relatively good predictor of MOR. These relatively low
correlations between SG and MOR were not unexpected for two reasons in particular. The first
reason is that some of the pine specimens appeared to contain significant amounts of extractives.
Shmulsky and Jones (2019) note that “In some species, including pine, it has been shown that the
presence of extractives contributes significantly to observed specific gravity variation.” High
extractive loading increases specimen weight but not MOE. The second reason is that some of the
specimens contained compression wood which is known to often increase weight while reducing
MOE.
Brown et al. (1952) note that for specimens, including southern yellow pine, containing
appreciable amounts of compression wood have proved to be stronger in static bending MOR than
control specimens devoid of such tissue but, the MOE values were only two-thirds as much. Had
only compression wood-free specimens been used and had each specimen been extracted, these
correlative relationships likely would have been higher.
Relationship of MOE and MOR. The contemporary samples (2014 & 2018) showed
slightly higher correlations between MOE and MOR (0.629 and 0.635, respectively) as compared
to the earlier data from the 1966 Sample (0.598). However, these differences were very small and
likely negligible. The slopes of the lines between MOE and MOR were generally very similar.
This finding suggests that MOE is both a reasonably good and reasonably stable predictor of MOR
over time.
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Relationship of SG and MOR. The contemporary Samples (2014 & 2018) showed slightly
lower correlations between SG and MOR (0.411 and 0.405, respectively) as compared to the earlier
data from the 1966 Sample (0.499). However, these differences were also small. The slopes of the
lines between SG and MOR were generally very similar. This finding suggests that SG is both a
reasonably good and reasonably stable predictor of MOR over time. This finding also suggests
that SG is not as strong of a predictor as MOE with respect to MOR.
Relationship of MOE plus SG versus MOR. The relationship between MOE and SG was
relatively weak, and thus not likely highly collinear, so these two variables were combined in an
effort to predict MOR. For the 1966 Sample, the addition of SG, to MOE, as a means to predict
MOR, increased the r2 value from 0.596 to 0.76. That relationship was not the same for the 2014
and 2018 Samples. In those two contemporary Samples, the MOE to MOR r2 values were on the
order of 0.63, and the addition of SG as a predictor increased the r2 to 0.64 in each case.
Relationship to existing models. Finally, it is interesting to compare these relationships
with those reported in the Wood Handbook (2010) relating MOR and MOE to SG. The generalized
model is of the form:
MOE, MOR = Constant (SG)^x, where the constants for MOE and MOR are 2.97 and
24,760, respectively. Reported values for x are 1.34 and 1.01 for MOE and MOR. While these
models are not species dependent, using them to estimate clearwood properties is a common
practice. Figures 4.4-4.7 shows estimated values as calculated using these models in comparison
to the data for this study. Note the data, and corresponding relationships observed, are in close
agreement with those calculated for the broad range of softwood species reported in the Wood
Handbook.
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